Visual motion is a ubiquitous component of animals' sensory experience and its encoding is 15 critical for navigation and movement. Yet its impact on behavior and neural coding is not well 16 understood. Combining pupillometry with cellular calcium imaging measurements of 17 thalamocortical axons in awake behaving mice, we examined the impact of arousal and 18 behavioral state on encoding of visual motion in the visual thalamus. We discovered that back-19 to-front visual motions elicits a robust behavioral response that shapes tunings of visual 20 thalamic responses. Consistent with an arousal mechanism, the effects were pronounced 21 during stillness and weak or absent during locomotor activity and under anesthesia. The 22 impact on neuronal tuning was specific, biasing population response patterns in favor of back-23 to-front motion. The potent influence of visual motion on behavioral state dynamically affect 24 sensory coding at early visual processing stages. Further research is required to reveal the 25 circuitry and function of this novel mechanism. 26
Introduction 29
Animal behavior involves a continuous interplay between encoding of sensory inputs and 30 updating of internal states enabling critical functions and flexible and adaptive responses. This 31 interplay is particularly striking in the neuronal processing of visual motion which is critical for 32 navigation (Warren and Hannon, 1988; Srinivasan et al., 1999; Mertes et al., 2014; Shiozaki 33 and Kazama, 2017), eye movements (Warren and Hannon, 1990) , whole body movements 34 (Lappe et al., 1999) and can trigger innate behaviors (Yilmaz and Meister, 2013; De 35 Franceschi et al., 2016; Salay et al., 2018; Shang et al., 2018) . 36
Encoding of visual motion begins with direction selective responses which are tuned to stimuli 37 moving in particular directions. While direction selective responses are seen throughout the 38 brain (Hubel and Wiesel, 1962 ; Barlow and Hill, 1963; Oyster and Barlow, 1967 retina, a study of dLGN inputs to V1 in head-fixed mice reported a nearly equal numbers of 50 V1 inputs tuned to each of the four cardinal directions (Kondo and Ohki, 2015) . Another study 51 reported instead a pronounced over-representation of inputs tuned to stimuli moving in the 52 general temporal-to-nasal direction (Sun et al., 2015) . Considerable diversity in response 53 tuning has also been observed in the mouse cortex ( neurons and therefore could potentially explain the differences in tunings observed across 64 studies. Interestingly, the studies by (Kondo and Ohki, 2015) and (Sun et al., 2015) were 65 conducted in anesthetized and awake animals which suggests behavioral modulations as a 66 potential explanation. Furthermore, visual motion stimuli have been described to innate 67 behaviors (Yilmaz and Meister, 2013 In this study, we investigated in head-fixed locomoting mice the impact of arousal and 74 behavioral state on encoding of visual motion in the visual thalamus. We discovered that visual 75 motion stimuli elicit a specific arousal response. This arousal response strongly modulate 76 dLGN response to visual stimuli biasing population measures of direction selectivity and 77 preferences. The results demonstrate that visual motion can exert a potent influence on the 78 behavioral state impacting sensory coding at early stages of visual processing. They reconcile 79 differences in population tuning reported in past studies and suggest that dLGN neurons 80 faithfully carry retinal representations of visual motion from the retina to the cortex. 81
Results

82
To study the encoding of visual motion in the visual thalamus, we combined cellular two-83 photon imaging with pupillometric measurements in head-fixed mice ( Figure 1 ). Mice were 84 imaged on a treadmill while receiving visual motion stimuli and performing voluntary locomotor 85 behavior ( Figure 1A ). We measured both the behavioral and neuronal responses to 86 luminance-calibrated sinusoidal drifting gratings of fixed spatial and temporal frequency (0.08 87 cpd, 4 Hz) and varying orientation and direction ( Figure 1B We observed strong pupil size responses to the visual motion stimuli on the display ( Figure  108 1D-G). During stimulation epochs, visual motion stimuli led to progressive dilation of the pupil 109 that lasted through the visual stimulation epochs ( Figure 1D ). These pupil responses were 110 pronounced ( Figure 1E ) and visible in single trials ( Figure 1C , Figure S1A ). During grey screen 111 epochs, the pupil also showed a brief increase followed by a slow relaxation towards baseline 112 that depended on the response to the preceding stimulus. The response to the visual motion 113 stimuli showed a strong dependence of direction of motion on the display ( Figure 1D , top). 114
The transient response at stimulus offset, in comparison, was relatively weak and unspecific 115 present for all stimuli ( Figure 1E , Figure S1B ). In this report, we focus solely on the increase 116 in pupil size during visual stimulation epochs. 117
The pupil responses to the visual stimuli showed a striking bias for direction of motion (Figure 118 1E). Pronounced increases in pupil size were observed for stimuli drifting in the temporal-to-119 nasal directions ( Figure 1E , left, blue). No responses were observed for stimuli moving in 120 upward, downward and nasal-to-temporal directions ( Figure 1E , right, grey). Consistent with 121 a response to back-to-front visual motion, magnitude of the pupil response decreased 122 gradually with gratings' direction of motion ( Figure 1D ,F,G, Figure S1B ). Critically, these 123 responses occurred without concomitant locomotor activity ( Figure 1D bottom, Suppl. S1A). 124
The bias for direction was robust, seen consistently across animals ( Figure 1F ). While visual 125 stimuli could occasionally trigger or modulate locomotor activity ( Figure S1C ), the bias for 126 direction was also seen in stationary trials ( Figure 1G ). 127
Pupil size responses to visual motion reflect a vision-only arousal mechanism 128
The specific pupil responses to visual stimuli could reflect a visual mechanism in which back-129 to-front motion stimuli arouse the animal eliciting a pupil response. Alternatively, the response 130 could reflect a visuomotor startled response to mismatch between actual visual inputs and 131 those expected from self-motion (Keller et al., 2012) . 132
To distinguish between these possibilities, we examined pupil responses to the visual stimuli 133 as a function of locomotor state and movement speed. If pupil fluctuations reflect a 134 sensorimotor mismatch response, then a shift of the effects towards front-to-back direction 135 should be observed during running. If pupil responses instead reflect a vision-only arousal 136 response to back-to-front visual motion, then the arousal effects of visual motion should 137 decrease in magnitude when animal is engaged in locomotion. 138
Consistent with the vision-only hypothesis, we found during locomotor activity a dramatic 139 weakening of the pupil response to back-to-front motion as well as no evidence of response 140
to front-to-back visual motion ( Figure 2 ). The effects of visual stimulation on pupil size were 141 strongest during still epochs ( Figure 2A ) and weakest during locomotion ( Figure 2B ). 142
Locomotion also largely abolished the bias of pupil size for back-to-front motion ( Figure 2C ,D). 143
Thus, in head-fixed animals, visual stimuli drifting in the back-to-front direction elicit a specific 144 increase in pupil size that does not occur for other stimuli. Consistent with a change in arousal, 145 the effects occurred in absence of locomotion, were strongest when the animal is still and 146 nearly absent when engaged in continuous locomotion. 147 Figure 3E ). We used subset of data accompanied with pupil diameter measurement's (n=10 168 mice, 23 sessions). To estimate population activity, we computed the average normalized 169 activity across visually-responsive boutons and then related the resulting activity across time 170 courses to pupil size, speed and visual stimulation. The amplitude of dLGN axon Ca 2+ 171 responses to visual stimuli were strongly correlated with pupil ( Figure 3F , example sessions, 172
Stimulus-induced arousal modulates the amplitudes of dLGN responses
Spearman's rank correlation = 0.64). In most sessions, population response was positively 173 correlated with pupil (0.51±0.25, mean±SD) and with animal speed (0.34±0.30) ( Figure 3G) . 174
Stimulus-induced changes in behavioral state modulated the amplitude of population activity. 175
We compared dLGN response to stimuli of different orientation drifting in opposite directions 176 in subset of data preceding measurements under anesthesia ( Figure 3H ; Figure S3A ; n=5 177 mice, 6 sessions, 1816 boutons). As seen with the pupil size measurements ( Figure 1E ; Figure  178 S1B), we observed a strong asymmetry in dLGN responses to the visual stimuli of different 179 direction of motion ( Figure 3H ; Figure S2C ). Responses to stimuli moving the back-to-front, 180 temporal-to-nasal directions ( Figure 3H ; Figure S2C , blue) showed larger amplitudes than 181 stimuli moving in the opposite directions ( Figure 3H; Figure S2C , gray). 182
To demonstrate a causal role of behavioral influences in these neural activity biases, 183 responses measurements in awake animals were immediately followed by measurements 184 under light anesthesia, ensuring response measurements of individual boutons from precisely 185 the same regions of the visual cortex ( Figure 3I ; Figure S3B ; n=5 mice, 6 sessions, 1014 186 boutons). Measurements in awake and anesthetized had comparable quality ( Figure S2A During wakefulness, we also observed an excess of boutons tuned to the temporal-to-nasal, 212 back-to-front direction ( Figure 4A , inset). This bias was not observed under anesthesia (Figure 213 4B-C, Figure S4C -D; p= 0.06, Wilcoxon rank-sum test). In contrast, the distributions of 214 orientation preferences were similar in the awake and anesthetized states ( Figure 4E -F, Figure  215 S4G-H, p=0.03, Wilcoxon rank-sum test). 216
To assess the contribution of behavioral modulations to direction tuning of responses, we 217 computed for each imaged bouton a population coupling index defined the correlation 218 coefficient between activity time courses of individual boutons and pupil size ( Figure 5A-D) . 219
The strength of correlation to population activity was highly predictive of the boutons' 220 selectivity ( Figure 5A ) and preferences ( Figure 5B ). Boutons with strong population coupling 221 showed stronger direction selectivity ( Figure 5A ) and were often tuned to the back-to-front 222 direction of motion ( Figure 5B ). A clear link between direction selectivity and population 223 coupling was observed in all sessions ( Figure 5C ). Most boutons' responses were strongly 224 correlated with populations activity ( Figure 5D ). 225
To further assess the impact of behavior on dLGN tuning preferences, we normalized the 226 boutons time courses by population activity and computed a corrected set of tuning indices. 227
The impact of normalization on selectivity indexes was modest ( Figure S5A-B test). However, the bias to the back-to-front direction of motion was greatly reduced by 231 normalization (Figure 5E , p<10 -10 , Wilcoxon rank-sum test) and approached that observed in 232 anesthetized animals ( Figure 5F, p=0 .004, Wilcoxon rank-sum test). Weaker effects were 233 observed on orientation preferences ( Figure S5C-D, p=0 .04, Wilcoxon rank-sum test). 234
Normalization did not affect direction or orientation preferences of boutons measured under 235 anesthesia ( Figure S5E ; p= 0.008 (direction), Figure S5F ; p=0.3 (orientation) Wilcoxon rank-236 sum test). 237
Discussion
238
We examined the impact of arousal and behavioral state on neuronal encoding of motion 239 stimuli in the mouse visual thalamus. We found that visual motion stimuli elicit a robust and 240 pronounced arousal-related behavioral response that strongly modulates neuronal responses 241 to the stimuli. The effects on neuronal tuning measurements are profound, strongly biasing 242 population measures of direction selectivity and direction preferences. The results 243 demonstrate that visual motion can exert a potent influence on the behavioral state impacting 244 sensory coding at early stages of visual processing. 245
Our results indicate that stimulus-driven changes in arousal explain the marked differences in 246 direction selectivity and preferences reported in recent studies. A study in anesthetized 247 animals (Kondo and Ohki, 2015) found a nearly equal representation of the 4 cardinal 248 directions whereas a study in awake animals (Sun et al., 2015) reported a strong bias in favor 249 of the back-to-front, temporal-to-nasal direction. We found pronounced effects in awake 250 animals but not in anesthetized ( Figure 4H-I) . We also found that the impact on neuronal 251 responses was specific to direction preferences in the temporal-to-basal, back-to-front 252 direction ( Figure 5A-C) . We showed that normalizing data by population activity equalizes 253 response preferences across the four cardinal directions ( Figure 5D-E The function of the arousing influence of back-to-front visual motion is unclear. We observed 273 no concomitant eye movements and locomotor activity that could explain the effects. We also 274 observed no habituation of the behavioral response, which is inconsistent with a startle 275 response. Back-to-front visual motion may particularly salient as it may indicate backward 276 body movement. This could explain why the stimulus was ineffective in inducing pupil size 277 responses during locomotor activity (Figure 2 ). Experiments in freely moving animals will be 278 required to fully understand the functional significance of the phenomenon described here, 279 particularly during navigation and movement coordination. 280
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